This work is concerned with the surface treatment (ion nitriding) of fretting fatigue and fatigue resistance of 34CrNiMo6. Tests are made on a servo-hydraulic machine under tension for both treated and non-treated specimens. The test parameters involve the applied displacements d AE 80±AE170 lm; fretting pressure r n 1000±1400 MPa; fatigue stress amplitude r a 380±680 MPa and stress ratio R À1. The ion nitriding process improves both fatigue and fretting fatigue lives. Subsurface crack initiation from internal discontinuities was found for ion-nitrided specimens. Ó
Introduction
Plasma (or ion) nitriding is preferred when compared with gas nitriding. The advantages involve the ability to select either an e or a c monophase layer or even elimination of the white layer, lower treatment temperatures, and improved control of case thickness [1] . The heat treatment makes it easier to control the dimensions and in some cases eliminate machining all together [1] .
Fatigue strength can be signi®cantly improved by nitriding. The formation of precipitates in the diusion layer tends to increase the hardness and create compressive residual stresses. These bene®-cial stresses lowers the magnitude of the applied tensile stresses and hence increase the fatigue life of the component.
Response of material to nitriding depends on the alloying elements. Low alloy steels belong to the class of materials which have strong nitridingforming elements such as chromium and molybdenum. The initial microstructure can also in¯uence the nitriding process. For alloy steels, a quenched and tempered structure gives the best result [1] .
Fretting fatigue involves initiation and propagation. Crack nucleation could occur without external loading and signi®cantly reduce the initiation life. The fretting parameters that impede early cracking are the normal load contact stress and the imposed displacement amplitude. Once an embryo crack is nucleated and starts to grow in stage II, fracture mechanics could be applied to estimate the rate of crack growth. Fretting fatigue cracks ordinarily grow in Mode I. However, majority of the component life under fretting fatigue is consumed during the initiation stage [2] . Hence, fretting fatigue is an initiation-controlled process. What needs to be better understood is the nature of initiation and its in¯uence on fretting.
Fatigue life reduction of dierent materials due to fretting has been studied [3±6]. Normal pressure due to contacting surfaces often decreases the fatigue life with the excepcion of the work in [5] .
Three fretting fatigue regimes have been identi®ed. They include stick, gross slip and mixed stick-slip. In the range of macroslip, the frictional force is relatively independent of slip and the asperities are sliding over each other. As the slip amplitude increases, the fretting fatigue strength either increases [7] or reaches a constant value [8] .
Several researchers studied the eect of ion nitriding on fatigue behaviour [9, 10] . In general, improvements of fatigue resistance were found for the stress-controlled high-cycle regime. Bene®cial eect of ion nitriding on fatigue was attributed to hardness increase of the surface and increase surface residual stress. Additional investigations are needed.
Experimental details
Fatigue and fretting fatigue tests were conducted on the 34CrNiMo6 steel. Its chemical composition is given in Table 1 . The mechanical properties (after quenching and tempering) are given in Table 2 . One series of specimens were submitted to surface treatment by ion nitriding. The treatment conditions are indicated in Table 3 . The depths of the treated layers were about 0.35 mm according to the DIN 50190 part 3 standard. The white layer had a depth of about 5±7 lm and X-ray diraction analysis revealed that both eFe 2 ±3N and cFe 4 N phases were present in this layer.
All tests were carried out in tension in a servohydraulic machine with load control. Specimen details are shown in Fig. 1(a) . According to the ASTM E466-82 standard [11] , the specimens were machined from a bar with 16 mm diameter. The geometry of the fretting pads obtained from the same material is also shown in Fig. 1(b) .
Both untreated and treated specimens were submitted to fatigue tests to study the eect of the surface modi®cation treatment on the fatigue resistance. The results will be presented by the S±N curves. These tests were taken under load control condition at a frequency of 10 Hz using a sinusoidal waveform and a stress ratio R of )1. The load was monitored using a load cell. The number of cycles up to fracture was taken. Fretting fatigue tests were also conducted for treated and untreated specimens. Fig. 2(a) shows a photo of the apparatus and Fig. 2(b) gives the corresponding schematic for the center portion. The tangential force was dynamically monitored using four extensometers bonded on the apparatus in a complete Wheatstone bridge. The tangential displacement on the pads makes contact with the axial elongation of the specimen; the relatively high stiness of the pads rig restrain the relative movement between the top and bottom pads. The imposed oscillatory motion between the pads and the specimens are connected to the oscillatory fatigue stress of the specimen. For a stress range of Dr 1000 MPa, and a distance between contacts of L 0 24 mm, the measured relative displacement is d m 114 lm. During the test, the normal force P, the tangential force Q and the axial force F a were recorded. Refer to Fig. 3(a) . The magnitude of the tangential force as a function of theoretical relative displacement (estimated from the axial fatigue load) was recorded for each cycle. The compliance of the system C S was determined by subtracting the theoretical contact compliance of the two contact points from the measured compliance. Inverse of the tangent to the linear part of the circuit record Q À d is illustrated in Fig. 3 (b)
where c is the semimajor axis of the elliptical contact area, m the Poisson coecient and G is the transverse elasticity modulus. The calculated elongation of the specimen between the pad contacts is (PL 0 aAE). The measured displacement is d m and the displacement on the apparatus is d S . Hence, the contact displacement d on each pad can be estimated as
The contact geometry is shown in Fig. 1 . The pressure distribution is given by Hertz theory of contact [12] . The relationship between the maximum compressive stress S c on the contact and the applied load P n is
Specimens and pads were machined and polished to a surface ®nish R a 0X12±0X17 lm. After nitriding, the specimens shows a greater value of the roughness R a 0X55±0X65 lm. The controlling parameters are the imposed displacements d m from %80 to %180 lm; fretting normal stress r n within the range 1000±1400 MPa; and fatigue stress range Dr 380±690 MPa. Table 4 summarises the parameters used in the various fretting fatigue of tests. Fretting fatigue 1000 AE80±AE180 380±500 1200 1400 In order to identify the degradation mechanisms, the fatigue surfaces were examined by scanning electron microscopy. The tests were made at room temperature (20°C) and relative humidity between 40% and 50%.
Results and discussion
Figs. 4(a) and (b) show two photos of the crosssection of the treated specimens. The two typical layers created by the nitrogen ion implantation can be clearly seen. The white surface layer is very thin; it has a thickness of about 10 lm. Below this, a second thicker layer is seen; it is the diusion layer. The hardening process is obtained by nitrogen interstitial solution and formation of some phases by combination with other alloy elements in the steel. The thickness of the nitrided layer is about 0.35 mm.
Fatigue life is normally improved by increasing the surface hardness with a surface treatment. Vickers microhardness was evaluated at the crosssection of the specimens for both treated and nontreated specimens. The results are plotted in Fig. 5 against the distance from the surface. A maximum value of hardness of about 900 HV was observed near the surface within the white layer. In the diusion layer, the hardness decreases with the distance from the surface. For depths above 0.6 mm, the hardness remains at 365 HV. The microhardness measurements were repeated for several specimens and no signi®cant dierences were found.
Comparing the hardness of the treated and the untreated specimens for depths greater than 0.60 mm, similar values of about 365 HV were observed. There was no decrease of hardness in the treated specimens. This is possibly caused by tempering that could have occurred during nitrogen ion implantation. It is important to note this because a lost of hardness in the core of the treated For the same material subjected to bending at R 0, previous work [13] showed only a slight improvement of fatigue resistance. For lives below 10 5 cycles, a decrease of fatigue resistance was observed. This was attributed to the formation of a very hard white layer that is brittle. Crack initiation was enhanced by cleavage, specially for high applied maximum stress with R 0. Fig. 7 shows some stabilised loops of the tangential force Q versus measured displacement d for dierent values of normal pressure P n and slide amplitude d. Table 5 gives values of the relevant parameters for the specimens referred in Fig. 7 . One of these parameters is the energy ratio E d aE t , where E d is the energy dissipated during a loading cycle and E t is the total fretting cycle energy (2Qd), which is one of the criteria used to determine the regime of fretting [14] . It can be concluded that all the tests were made in the gross slip regime characterised by an energy ratio greater than 0.2. Only the FF09 test has an energy ratio of 0.295; it is close to the mixed stick-slip regime. One condition for the existence of the fretting regime is that the ratio between the contact amplitude and the length of contact in the direction of sliding must be less than unity. For the tests in this work, the ratio is between 0.07 and 0.3. Fig. 8 shows the evolution of the friction coef®cient with the number of cycles. The signi®cant variation occurred within the ®rst 100 cycles where a large increase of the friction coecient is observed. Thereafter, a¯uctuation is observed. These variations always occur during the ®rst thousands of cycles. The maximum values of the friction coecient attained in each test are given in Table 5 . A reduced scatter can be obtained for a mean value of 0.93 with a standard deviation of 0.09.
Results of fretting fatigue of untreated specimens are plotted in the Fig. 9 . It shows plots of the stress range against the number of cycles to failure for three normal loads r N . The S±N curves are also shown for comparison. Note that fretting fatigue interaction decreases the resistance of the material for the untreated condition. As the normal load increases from 1200 to 1400 MPa, the fretting fatigue life decreases. This is expected. For r N 1000 and 1200 MPa, the fretting fatigue lives does not change signi®cantly. This behaviour is not in agreement with the work in [5, 15] , which reports the existence of a normal pressure threshold for fretting fatigue, above which the pressure does not aect the fatigue life. The corresponding values of pressure in the present tests are the maximum Hertzian compressive stresses. They reduce signi®cantly as the area of the contact surface increase by wear. For typical values of surface area observed at the end of the fretting fatigue tests, the pressures were 22, 38 and 61 MPa, respectively, for Hertzian maximum stresses of 1000, 1200 and 1400 MPa. Between 1000 and 1200 MPa, the variation between the ®nal pressures is about 16 MPa. Between 1200 and 1400 MPa, the variation is about 23 MPa. This explains, in part, the in¯uence of the normal pressure. The in¯uence however is not consistent and more tests are needed for an explanation.
The values of the exponent on the Basquin relation were observed to be very dierent for the two types of tests: )0.088 for the fatigue tests and )0.18 to )0.33 for the fretting fatigue tests. Values as high as these obtained in fretting fatigue tests are very close to the inverse of the Paris coecient m for steels (m 4±6). Therefore, crack propagation life is more important in the fretting fatigue tests than that in the plain fatigue tests. The initiation phase occupies only a small part of the specimen life. Fig. 10 summarises all the fretting fatigue and fatigue results for both treated and untreated specimens. No dierence was observed between the fretting fatigue lives and the corresponding fatigue lives for the treated specimens. For those specimens subjected to the ion nitriding process, crack initiation always occurs from an internal inclusion. This applies to the fatigue tests and fretting fatigue tests. The treatment increases the fretting fatigue strength of the specimen surface to a level such that crack initiation from internal inclusions is enhanced as compared with initiation from the fretting scars. Fig. 11 presents the dependence of the fretting coecient K f on the number of cycles to failure. It is de®ned as the ratio between the maximum stresses r R and r RYf for each cycle for smooth specimens and specimens subjected to fretting fatigue. Fretting reduces the fatigue resistance of the untreated specimens by a factor between 1.15 and 1.5. The fretting coecient K f increases with the number of cycles to fracture. For the specimens treated with ion-nitride, the fretting in¯uence is almost insigni®cant with K f close to unity.
For the untreated specimens, cracks tends to initiate at the edge of the fretting zone, where the stress concentration is higher. Fig. 12 shows the results of two examples. Debris of oxidation can be observed on the fatigue surfaces. Formed are the fretting scars that are probably transported to the fatigue surfaces by the slide movement between the pad and the specimen. For the specimens with ion nitride, crack is always initiated below the surface, starting from an inclusion, not only for the fatigue tests but also for the fretting fatigue tests. Figs. 13(a) ±(c) present three typical examples of the photomicrographs obtained by scanning electron microscopy. Fig. 13(d) gives a detailed view of crack initiation from an inclusion. For a homogeneous material, the process of fatigue initiation usually starts from a free surface following the intrusion and extrusion mechanism produced by sequential slip of two intersecting slip planes. However, in specimen treated by ion-nitride, this process is impeded by the increased hardness of the surface layer. As a consequence, cracks can initiate easier from internal discontinuities. Many investigators have shown that subsurface crack initiation is associated with non-metallic inclusions [16] . Although measurements of residual stresses were not carried out in this work, their presence is expected during the ion-nitriding treatment. The formation of nitrides in a layer could cause a volume increase. This is restrained by the core causing a state of compression and tensile in the core. The action of compression tends to reduce the tensile action in fatigue.
Investigators [6, 17] have used a combination of applied fatigue stress, frictional tangential stress and normal pressure as fretting fatigue parameters. They consider these as the cause of damage that lead to eventual to nucleation and propagation of fatigue cracks. Models have been proposed to suggest that tangential stress increases with the normal pressure. This would cause a decrease in the fretting fatigue life of the components. The possible existence of the pressure threshold tends to limit the application of these models. One of these models will be used. Fig. 14 shows the results, where the empirical parameter Drsd is plotted against the number of cycles to failure. Here, Dr is the fatigue stress range, s the tangential stress and d is the slide displacement on the contact. Despite the scatter, a decreasing trend of the Drsd parameter with increasing N r is clear.
Conclusions
· The process of ion nitriding improves fatigue resistance of the 34CrNiMo6 steel in the range of lives analysed. The treatment increases the hardness of the surface layer and introduces compressive residual stress preventing crack initiation in the surface layer. As a consequence, crack initiation occurs from internal discontinuities for applied stresses higher than those of the untreated specimens. This explanation is supported by SEM of the fatigue surfaces. · Fretting fatigue lives of untreated specimens were signi®cantly lower than those specimens treated with ion nitride. Crack initiation in the fretting fatigue of specimens treated with ionnitride also occurs from internal discontinuities. Hence, fretting damage does not seem to in¯u-ence the life of the specimen. · An in¯uence of the normal pressure was observed between 1200 and 1400 MPa. However, for the lower values of the stress range 1000± 1200 MPa, the fretting fatigue values are very close. More tests are needed before a conclusion could be made in the in¯uence of normal stress.
